Magnetic droplet solitons are non-linear dynamical modes that can be excited in a thin film with perpendicular magnetic anisotropy with a spin-transfer-torque. Although droplet solitons have been proved to be stable with a hysteretic response to applied currents and magnetic fields at low temperature, measurements at room temperature indicate less stability and reduced hysteresis width. Here, we report evidence of droplet soliton drift instabilities, leading to drift resonances, at room temperature that explains their lower stability. Micromagnetic simulations show that the drift instability is produced by an effective field asymmetry in the nanocontact region that can have different origins.
Magnetic droplet solitons are non-linear dynamical modes that can be excited in a thin film with perpendicular magnetic anisotropy with a spin-transfer-torque. Although droplet solitons have been proved to be stable with a hysteretic response to applied currents and magnetic fields at low temperature, measurements at room temperature indicate less stability and reduced hysteresis width. Here, we report evidence of droplet soliton drift instabilities, leading to drift resonances, at room temperature that explains their lower stability. Micromagnetic simulations show that the drift instability is produced by an effective field asymmetry in the nanocontact region that can have different origins. Nanometer scale point contacts to ferromagnetic thin films with a free magnetic layer (FL) and a fixed spinpolarizing magnetic layer (PL)
1-4 are known as spin torque nano-oscillators (STNO). In these nanocontacts, it is possible to excite steady state spin-precession by compensating the dissipation due to magnetic damping with spin-transfer torques from an electrical current. A large enough current density provides sufficient spin-transfer-torque effect to induce magnetic excitations 5, 6 . Such excitations are the building blocks for new applications 7,8 beyond binary computing and memory devices 9 . In layers with perpendicular magnetic anisotropy (PMA) the spin-transfer torques are predicted to lead to dissipative droplet solitons (herafter simply refered as droplet solitons) 10 . The spin torque compensates the damping of the material, hence directly relating these kind of solitons to the conservative magnon droplets in uniaxial (easy-axis type) ferromagnets with no damping 11, 12 . Droplet solitons are dynamical excitations that localize in the contact region 10, 13 and are predicted to have their magnetization almost completely reversed relative to the film magnetization outside the contact [see Fig. 1(a) ]. Recent experiments have shown that at low temperature the predicted reversal of the magnetization occurs 14 . However, room temperature measurements proved there is an abrupt threshold in both current and field at which excitations occur and showed that spin precession frequencies were below the FMR frequency [15] [16] [17] , but there was no evidence for fully reversed magnetization beneath the nanocontact.
Here, we report observation of drift instabilities 10, 18 in droplet-soliton excitations at room temperature. We studied the effect of magnetic fields and current densities on the droplet dynamics. Our modeling shows that drift instabilities-caused by small asymmetries in the system, namely a variation of either the effective field or the magnetic anisotropy in the nanocontact regioncreate a low-frequency dynamics (hundreds of MHz) in the soliton that can be detected electrically. Further, through simulations we have confirmed that drift instabilities force the soliton to shift out of the nanocontact region and to annihilate while at the same time a new soliton emerges at the center of the contact resulting in a drift resonance. Our samples were fabricated with a free layer (FL) with PMA and an in-plane fixed polarizing layer (PL). The FL is a 4 nm thick multilayer of CoNi, and the PL layer, a 10 nm thick Ni 80 Fe 20 Permalloy (Py). A spacing layer of copper (Cu) magnetically decouples the two layers. SiO 2 was used as a dielectric and Au for the contacts and pads. Circular contacts of different diameters were patterned through the dielectric by electron-beam lithography with diameters ranging from 80 to 150 nm. The effective anisotropy field from the CoNi multilayer was measured through ferromagnetic resonance spectroscopy arXiv:1507.08218v1 [cond-mat.mes-hall] 29 Jul 2015
(FMR) and resulted in µ 0 H a (= µ 0 (H K −M S )) = 0.25 T, with µ 0 the permeability of free space 19 . The electrical response in our measurements is associated with the giant magnetoresistance effect; the in-plane polarizer allows us to detect variations of the free layer magnetization in the contact region. The resistance of the nanocontacts depends on the relative magnetization orientation between the FL m FL , and PL m PL , being the fractional change MR = R 0 (1 − m FL · m PL )/2, with R 0 = (R AP − R P )/R P , R AP,P being the resistance between the device antiparallel (AP) and parallel (P) magnetization states. An applied magnetic field perpendicular to the film plane tilts the Py magnetic moments out of the film plane, m PL · z = H/M S for H < M S with µ 0 M S ≈ 1 T; the CoNi magnetization remains perpendicular to the film plane. Therefore, at large applied fields, H > M S , the magnetization of the two layers forms a P state.
Figure 1(c) shows schematically the point contact resistance as a function of the applied out-of-plane field; the resistance decreases linearly with the applied field for H < M S and saturates when H ≥ M S . The measured maximum overall MR of the STNO (R 0 = 0.2 %) corresponds to twice the difference between resistance at zero field, where the magnetization of the PL and FL are orthogonal, and the resistance at a large field (H > M S ), where the PL and FL are in a P state, divided by the resistance of the P state. The dashed red curve in Fig. 1(c) illustrates the expected resistance for a reversed FL magnetization (i.e., magnetization opposite to the applied field). This curve is obtained by reflecting the measured resistance about the horizontal line, R(H = 0).
In our experiments we detected dc variations of the resistance that marked the onset of droplet soliton excitations, the FL magnetization orientation changes at a threshold current while the PL magnetization remains fixed. We were also able to detect oscillations in the resistance, and thus in the voltage response, associated to the oscillations of the in-plane component of the FL magnetization. We note that the latter produces a voltage signal for fields lower than the saturation field of the PL (i.e., when the polarizing layer has a component of magnetization in the film plane) and vanishes when the PL is saturated in the same direction as the FL magnetization [see Fig. 1(d) ]. Finally, we also measured a lowfrequency signal with a characteristic timescale of hundreds of MHz (similar to domain wall resonances [20] [21] [22] ). The low-frequency signal does not vanish when the PL is saturated, contrary to the high-frequency precession of the FL magnetization [see Fig. 1(d) ], suggesting a drift resonance of the overall soliton structure beneath the nanocontact area.
We first studied the onset and annihilation of droplet excitations through dc-measurements of resistance. We fixed an applied field out-of-the film plane and swept the applied current. These measurements show an abrupt increase in the resistance when the droplet forms when sweeping the current up-and an abrupt decrease as the droplet annihilates when sweeping the current down. Figure 2 shows the resistance curves as a function of the current at different fields. At each field, the current was swept up to 35 mA and then back down to 0. Although we detected the onset of the excitations at fields 0.5 T < µ 0 H < 0.9 T, it is not until larger field values, µ 0 H > 0.9 T, that we observed hysteresis phenomena: while sweeping the current up, the droplet creation occurs at higher currents than the annihilation when sweeping it down. In the inset of Fig. 2 we plot a state map representing creation and annihilation currents for all measured fields.
The hysteresis was already observed and characterized at low temperature 14 . However, room temperature measurements showed much smaller hysteretic effects 15 . We note here that we measured several devices and although the onset maps for the droplet excitations were almost identical, the hysteretic responses were considerably different: all samples showed hysteresis at larger fields, µ 0 H > 0.9 T, but the size of the hysteresis varied between 0.5 and 5 mA.
The size of the jumps in resistance-representing the difference between no excitation and droplet excitation, ∆R-are field dependent, as the angle of the PL magnetization increases with field. The measured maximum change in resistance is ∆R ≡ ∆R/R P ≈ 0.08 % for fields above the saturation of the FL magnetization (≈ 1 T), smaller than the maximum total change of R 0 = 0.2 % for the AP configuration (being only ∆R/R 0 ≈ 1/3). Thus we conclude that the spins are not fully reversed during the measurement, which is a time-average measurement of the contact resistance. One hypothesis is that the magnetization of the FL precesses at an effective angle of about 70 degrees in the contact region; another possibility is that the excitation is smaller than the nanocontact size, or that the excitation moves beneath the contact during the measurement time (drift instabilities 10,18 ). We have measured the high-frequency resistance signal of the droplet excitations. Figure 3 shows high-frequency spectra at a field of µ 0 H = 710 mT. At the onset current the characteristic frequency of the droplet excitation is f ≈ 20.3 GHz, below the corresponding FMR frequency (27.5 GHz, measured in the same film), and close to the Zeeman frequency (γµ 0 H = 19.9 GHz, γ being the gyromagnetic ratio). As the current increases, the frequency increases (there is a blueshift) until it jumps to a lower frequency where it continues shifting with the same trend. In the inset of Fig. 3 we have plotted the power spectra at a fixed applied current of I = 30 mA to show that the quality factor of the droplet oscillations is good (Q ≈ 2000), having peak widths of about 10 MHz. Resonance frequencies increase with the applied field having a nominal value always below the FMR (between 5 and 8 GHz). We measured similar current-dependence spectra at different applied fields. We note here that with increasing the applied field the microwave signal vanishes because the magnetization of the PL saturates perpendicular to the film plane in the same direction as the FL [see Fig. 1 Next, we measured voltage signal at much lower frequencies (hundreds of MHz) in order to find oscillatory dynamics related to the droplet soliton as a whole object. Along with the creation of droplet excitations, we found a strong and broad oscillating signal at about 300 MHz with a weak dependence on applied field and current. The low-frequency signal appears together with the step in resistance and we associate it with the creation of the droplet excitation, see Fig. 4 . All samples in the droplet state showed this low frequency voltage signal in the range of 100-800 MHz but the shape of the peaks were considerably different, having a well defined peak structure in some cases and a much broader structure in others. Further, we measured hysteresis in the appearance of the low frequency signal along with the hysteresis in resistance. At applied fields that do not saturate the PL we observe different modes with increasing the current [see Fig. 4(a),(b) ] and, interestingly, at fields that saturate the PL [see Fig. 4(c),(d) ] the signal remains strong having a single peak. The magnetoresistance signal caused by the FL spin precession around the effective field vanishes when the PL is saturated; we thus infer that the origin of the low-frequency signal is not a precessing dynamics of the FL magnetization but motion of the whole droplet.
Moderate in-plane fields increase the power of the low-frequency signal. We measured both dc and lowfrequency MR signals as a function of the angle of the applied field, 0 degrees being a field perpendicular to the film, and obtained that the droplet annihilates and does not form again at angles above ±15 degrees, depending on the applied current. The dc resistance signal stayed at a higher value (corresponding to droplet state) constant as a function of the angle until it drops to the lower value (no droplet) at a certain angle; the low-frequency signal increased with the angle (increased with the in plane field). (See Supplemental Material S1
23 ). We modeled the nanocontact and the droplet excitations with micromagnetic simulations using the opensource MuMax code 24 , and performed parallel calculations with a graphics card with 2048 processing cores.
The material parameters taken were those we determined experimentally with FMR (see above). A circular nanocontact of 150 nm in diameter was modeled to fit the nominal diameter of the measured samples. We used a damping parameter α = 0.03 and adjusted the spin torque efficiency to obtain a droplet onset map similar to the measured in Fig. 2 . We also considered the effects of the Oersted fields. (Full codes are available in the Supplemental Material S2
23 .) Additionally, we simulated time frames of hundreds of nanoseconds in order to resolve the slow motion of the solitons.
Our simulations show that droplet solitons form and annihilate at different critical current values. The hys- teresis describes the stability of the object (with no temperature effects) and corresponds to a larger value than twice the anisotropy (2 µ 0 H a = 0.5 T) 14 . Our experiments showed however a much smaller hysteresis, ≈ 0.1 T.
Under these conditions, our simulations did not show drift instabilities and thus no low-frequency dynamics. However, we found that a small in-plane field (µ 0 H ∼ 0.1 T) causes a dramatic change: droplet excitations shift in the direction perpendicular to the applied in-plane field and annihilate as they get out of the nanocontact region because of the damping. Immediately, a new droplet soliton is created beneath the nanocontact 10 . This process has a frequency, for the simulated parameters, of about 150 MHz and hardly depends on the out of plane field and applied current. Figure 5 shows the evolution of the droplet soliton in an applied field of 1.1 T perpendicular to the film plane and then with an additional in plane field of 0.15 T (equivalent to a magnetic field with an angle of θ ≈ 8 degrees). The upper panels show magnetization maps, for the components perpendicular to the plane, m z , and in the plane, m x , at particular times of the simulation. The lower panel shows the time evolution of m z in the nanocontact area. During the first 5 ns we apply only a perpendicular magnetic field of 1.1 T and observe how a droplet forms having all spins precessing in phase (see panels for t = 3 ns). At t > 5 ns we apply an in-plane field, 0.15 T, in the y direction. This creates a drift instability, an imbalance in the precession phases that shifts the droplet in the x direction (perpendicular to the applied field) until it annihilates (see panels for t = 6 and 10 ns). At 12 ns it appears that the droplet has dissipated but a new excitation is being created (see panels for t = 12 and 13 ns). We note that the time average of m z beneath the nanocontact-that is the measurable quantity using any dc technique-is only a 36 % of the total, or equivalent to a precession angle of 73 degrees 13 . In order to understand why we have observed lowfrequency dynamics even when the applied field was perpendicular to the film we introduced asymmetric parameters in the simulations (see Supplemental Material S2 23 ). We found that a variation in the anisotropy of only 1 % between the two halves of a nanocontact produces the same effect-with almost the same annihilation and creation frequency. In general we found that any asymmetry in the effective field causes a drift instability and results in an oscillatory signal (drift resonance) of hundreds of MHz corresponding to annihilation and creation of the soliton excitation.
Although it seems counter intuitive that hysteresis can exist when the droplet soliton is being created and annihilated, hysteresis still appears. However, the size in field of the hysteresis cycle reduces considerably in our micromagnetic simulations (from ∼0.6 T to ∼0.1 T). The reason the soliton presents certain stability even in the presence of drift instabilities is that when a soliton moves away from the contact area, the magnetization beneath the nanocontact is still precessing at a some finite angle.
Drift instabilities were described as a consequence of magnetostatic interactions between the effective dipole moment of the droplet and an effective field gradient, associated with the Oersted field 10 or with differences in the anisotropy. A small in-plane field or a small gradient in the effective field creates an asymmetric landscape that dephases the precession of magnetization between edges in the soliton boundaries resulting in a magnetic force that acts on the soliton and shifts it. Some experiments have shown the presence of side bands in the precession frequency of the soliton 15 suggesting that the soliton might be undergoing drift instabilities. Micromagnetic studies have also predicted the side bands and attributed them to drift instabilities 15, 25 . Our direct observation of the low frequency dynamics proves the existence of drift instabilities and explains why dc measurements fail to measure full magnetization reversal-showing on average just a fraction of the magnetization reversed.
We note that the measured high-frequency dynamics, associated with the spin precession, has a blueshift with the applied current, different to predictions and micromagnetic results. We cannot explain it with our model and we attribute such effect to the appearance of an effective field perpendicular to the film plane due to the applied current (likely an Oersted field effect from the leads). The overall change is always smaller than 500 MHz that would correspond to a magnetic field of 20 mT.
In conclusion, we have observed and measured drift resonances in magnetic droplet solitons and have proved that droplet solitons exist and are stable at room temper-ature. We suggest that the drift instability is produced by an effective field asymmetry in the nanocontact region that can have different origins. All measured samples with the same layer stack have shown almost identical results. Here we discuss measurements as a function of the angle of the applied field. We first show that the results for dc resistance and frequency resistance signal are consistent with the results presented in the main manuscript and we discuss the small differences. The nanocontact sample we show in this Supplementary Material has a nominal diameter identical to the sample from the Main manuscript but presents a slightly larger total MR of about 0.25 % and threshold currents also slightly higher. We attribute this changes to small variations in the nanofabrication procedure. Sup. Fig. 1 shows both the dc and high-frequency resistance response measured at the same time. We see at the onset current, a step in dc resistance and a characteristic frequency of f ∼ 20 GHz at an applied field of µ 0 H = 687 mT. As the current increases, the frequency slightly blueshifts and jumps maintaining the overall value around the 20 GHz, above the Zeeman frequency of 19 GHz We also measured the voltage signal at lower frequencies (hundreds of MHz). Along with the creation of droplet excitations we measure a strong and broad oscillating signal at about 300 MHz (see Sup. Fig. 2 ). All samples showing droplet solitons presented the low-frequency dynamics in the range of 100-800 MHz but the shape of the peaks were considerably different, having a well defined peak structure in some cases and a much broader structure in others.
Next, we measure the dependence of the droplet excitation as a function of the angle of the applied field. We first fixed the applied field strength and at each angle we measured the low-frequency spectra and the dc resistance. Droplet excitations are present only when the applied field is perpendicular to the film and we found that the maximum angle we can tilt the field before the excitation annihilates is about 15
• . What we found is that as we tilt the angle the low-frequency spectra becomes stronger. Sup. Fig. 3 shows both the dc resistance and the low frequency spectra of the nanocontact as a function of the applied field angle. We see that the low frequency spectra is larger at angles between 5 and 15
• . Further, we observe in the measurements shown in Sup. Fig. 3 the tilt in one direction produces a stronger low frequency signal. We also notice that for the stronger low-frequency signal, at positive angles between 5 and 15
• the dc MR signal also decreases a bit being consistent with the fact that the low frequency dynamics lowers the averaged resistance value. We present in here additional micromagnetic simulations that prove that spatial gradients in the effective field cause drift instabilities in droplet solitons. We show two representative cases, i) a variation of 1 % in the perpendicular applied field and ii) a variation of about 1 % in the anisotropy.
We have divided the nanocontact in half and considered the parameters from each part slightly different. In the first case, we applied a perpendicular field of µ 0 H z = 1.1 T to one half and a ∼ 1 % higher in the other half (µ 0 H z = 1.11 T). Sup. Fig. 4 shows the evolution of the droplet soliton; first, upon an applied field of 1.1 T (3 nanoseconds), and then with the slight variation of 1 % in half of the nanocontact. We plotted a figure similar to Fig. 5 from the main manuscript showing how an imbalance is created in the soliton excitation (in the precession phases). We see in the upper panels of Sup. Fig. 4 how the soliton excitation shifts in the y direction until it is annihilated and a new excitation appears. The measured low frequency is very similar to the frequency we obtained in presence of an in-plane field (Fig. 5 shown in main manuscript) . Sup. Fig. 4 . Time evolution of the droplet soliton upon an applied field of 1.1 T perpendicular to the film plane (t < 3 ns), and with an additional field of 0.01 T in one half of the point contact, applied at t = 3 ns. The upper panels show magnetization maps for mz, and mx, at particular times of the simulation. Images correspond to a 400 × 400 nm 2 field view. The contact region is outlined in black. The lower panel shows the time evolution of the perpendicular component of the magnetization mz, in the nanocontact area.
In the second case we have considered that the anisotropies of the two parts of the nanocontact differ by 1 %. Sup. Fig. 5 shows the evolution of the soliton excitation upon an applied perpendicular field of µ 0 H z = 1.1 T. We notice that in this case the dynamic annihilation and creation occurs at a lower frequency of about 50 MHz. Sup. Fig. 5 . Time evolution of the droplet soliton upon an applied field of 1.1 T perpendicular to the film plane and with an anisotropy that varies 1 % in the two halves of the nanocontact. The upper panels show magnetization maps for mz, and mx, at particular times of the simulation. Images correspond to a 400 × 400 nm 2 field view. The contact region is outlined in blue. The lower panel shows the time evolution of the perpendicular component of the magnetization mz, in the nanocontact area.
